
Chapter 22
Atmospheric Coupling by Gravity Waves:
Climatology of Gravity Wave Activity,
Mesospheric Turbulence and Their Relations
to Solar Activity

Werner Singer, Peter Hoffmann, G. Kishore Kumar, Nicholas J. Mitchell,
and Vivien Matthias

Abstract Gravity waves (GW) are important for the coupling between the different
regions of the middle atmosphere. They are normally generated in the troposphere,
are filtered by the wind field in the stratosphere and lower mesosphere and dissipate
at least partly in upper mesosphere and lower thermosphere (MLT). The activity of
gravity waves, their filtering by the mean circulation, and the variation of GW activ-
ity with solar activity have been studied using long-term wind measurements with
Medium Frequency (MF) radars and meteor radars at high and middle northern lat-
itudes. The GW activity is characterized by a semi-annual variation with a stronger
maximum in winter and a weaker in summer consistent with the selective filtering
of westward and eastward propagating GWs by the mean zonal wind. The latitu-
dinal variation of GW activity shows the largest values in summer at mid-latitudes
between 65 km and 85 km accompanied with an upward shift of the height of wind
reversal towards the pole. Long-term observations of the MLT winds at mid lati-
tudes indicate a stable increase of westward directed winds below about 85 km and
an increase of eastward directed winds above 85 km especially during summer. The
observed long-term trend of zonal wind at about 75 km goes along with an enhanced
activity of GWs with periods of 3 to 6 hours at altitudes between 80 km and 88 km.
In addition, the mesosphere responds to severe solar proton events (SPE) with in-
creased eastward directed winds above about 85 km. The vertical coupling from the
troposphere up to the lower thermosphere due to gravity waves and planetary waves
is discussed for major sudden stratospheric warmings (SSW) for the winters 2006
and 2009.
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22.1 Introduction

During recent years the middle atmosphere (10 to 110 km) has been recognized as
an essential part of the climate system. The natural internal variability of the cli-
mate and its sensitivity to perturbations can only be understood when the middle
atmosphere is taken into account. The mesosphere (50 to 100 km) is of particular
importance because both short-term and long-term variations exceed those in the
troposphere (0–10 km) by an order of magnitude. To understand the general struc-
ture and dynamics of the atmosphere and its variability it is important to know the
coupling between different atmospheric regions from the troposphere up to the ther-
mosphere. Often changes caused by solar or non-solar sources are observed at height
regions which could be different from the origin of this effect. Important coupling
processes are radiative exchanges, transport of chemically active minor constituents
and dynamical processes. The dynamical coupling mainly includes forcing of differ-
ent atmospheric waves (GW, tides, and planetary waves), their propagation through
the atmosphere, the interaction between different waves and their impact upon the
mean circulation. The dynamical coupling is considered to be the most important
aspect of atmospheric coupling. Here especially the gravity waves play an essential
role.

Starting with the basic study of Hines [1960], many experimental and theoretical
investigations have been carried out concerning different aspects of GW sources,
propagation, interaction with other waves and the mean circulation, and their dis-
sipation and the creation of turbulence. Excellent reviews of the most important
results have been given by Fritts [1984] and Fritts and Alexander [2003]. As most
important GW sources have been detected: topographic generation [e.g., Nastrom
and Fritts, 1992], convection events [mainly in the tropics, e.g., Vincent and Alexan-
der, 2000], frontal systems and jet streams [Fritts and Nastrom, 1992]. A survey on
the characteristics and influences arising from various GW sources was given by
Fritts et al. [2006]. The propagation of GW is mainly controlled by the atmospheric
wind field. For the normal case of tropospheric sources the GW spectrum in the
mesopause region depends markedly on the filtering effect of the wind field in the
strato- and mesosphere [Lindzen, 1981] due to reflection and absorption of GW at
critical levels. Therefore, the observed GW signatures observed in the MLT region
contain information about their sources and also about the wind field between the
source and the observing region.

The chapter is organized as follows: In Sect. 22.2 our data base and methods are
described. Long-term variations of winds and GWs are presented in Sect. 22.3. Our
results of vertical coupling processes during SSWs are a summarized in Sect. 22.4,
whereas Sect. 22.5 presents the responses of the MLT wind field on SPE. Finally,
the main results are summarized in Sect. 22.6.

22.2 Experimental Techniques

Continuous measurements of winds in the mesosphere and lower thermosphere as
well as temperatures around the mesopause have been carried out with MF radars
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Table 22.1 Technical details of the MF and meteor radars at Juliusruh and Andenes
Juliusruh
55°N, 13°E

Andenes
69°N, 16°E

Radar MF Meteor MF Meteor MF Doppler

Frequency 3.18 MHz 32.55 MHz 1.98 MHz 32.55 MHz 3.17 MHz

Beam width ∼15° All-sky <60° ∼60° All-sky <60° 6.4°

Pulse length 27 µs 13 µs 27 µs 13 µs 10 µs

Sampling res. 2 km 2 km 2 km 2 km 1 km

Height range 70–94 km 80–100 km 70–94 km 80–100 km 60–94 km
Parameters winds

(FCA)
winds
(Doppler)

winds
(FCA)

winds
(Doppler)

electron density,
Doppler winds,
turbulence

Observations since 1990– 1999–2001 1998– 2001– 2003–

2007– Kiruna: 1999–

and meteor radars at Andenes (69°N, 16°E), and Juliusruh (55°N, 13°E). The basic
parameters of the radars are summarized in Table 22.1. Winds from the MF radars
at Juliusruh (3.18 MHz) and Andenes (1.98 MHz) are determined by the spaced-
antenna method [e.g., Briggs, 1984], details about these radars are given by Singer
et al. [1997], Keuer et al. [2007] and Hoffmann et al. [2011].

The all-sky meteor radars at Andenes and Juliusruh are classical meteor radars
[e.g., Hocking et al., 2001; Singer et al., 2003]. From each meteor the radial velocity
of the meteor trail due to its movement with the background wind is estimated.
The data are binned in height intervals of 3 km and time intervals of one hour to
determine horizontal winds between 82 and 98 km. Furthermore, at the peak of the
meteor layer at about 90 km (for 32.55 MHz) daily mean temperatures were derived
from the height variation of the meteor decay time in combination with an empirical
model of the mean temperature gradient at the peak altitude [for details see Singer
et al., 2004; Hocking et al., 2004].

The acquired time series from the MF and meteor radars with lengths up to
20 years allow studies of possible trends and solar cycle variations of the wind field
in the MLT region. Prevailing winds as well as diurnal and semidiurnal tides are ob-
tained from harmonic analysis of a sliding 4-day composite of hourly winds for each
radar [e.g. Singer et al., 2005]. If available, we combine the winds obtained by the
MF radars from 70–82 km and meteor radars from 82–95 km to get reliable winds
over an extended altitude range from 70–95 km at Andenes and Juliusruh [see also
Hoffmann et al., 2007, 2010]. The advantages of this method are obvious when com-
paring both panels in Fig. 22.1, showing an excellent agreement between both data
sets at 82–84 km, but also indicating differences at altitudes above 85 km where the
MF radar winds tend to be smaller than those recorded by the meteor radars. This
is in agreement with earlier works showing MF radar winds above about 85 km
were weak compared with winds measured by the UARS satellite [e.g. Burrage et
al., 1996]. Monthly medians of prevailing winds and tides are used for time series
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Fig. 22.1 Mean zonal winds observed at Juliusruh in 2009. Left panel: MF radar winds
(70–95 km); Right panel: combined MF radar (70–82 km) and meteor radar (82–95 km) winds

analysis, as medians are outlier-resistant [e.g. Weatherhead et al., 1998]. Ground-
based and satellite observations of tidal signatures in the MLT region during the
CAWSES tidal campaigns showed that satellite and ground-based tidal characteris-
tics are in good agreement and it could be proved for the first time that both types
of observations are consistent with each other [e.g., Ward et al., 2010].

Additional parameters, e.g. turbulence and electron density used in Sects. 22.4
and 22.5, were derived with the narrow beam Saura MF Doppler radar [Latteck et
al., 2005; Singer et al., 2008, 2011].

22.3 Climatology of Winds and Gravity Wave Activity

22.3.1 Trends and Solar Cycle Variation of Mean Winds

Ten years of meteor wind observations at Andenes cover nearly a complete solar
cycle. The data base could be extended to a full solar cycle adding the meteor radar
observations from Kiruna, Sweden [Mitchell et al., 2002] for the period August 1999
to August 2001. Both systems (270 km apart) use identical radar technology and a
comparison of the wind measurements demonstrated that both sites give representa-
tive information about the MLT dynamics over northern Scandinavia [Pancheva et
al., 2007]. The extended data set has been used to get an initial estimate of possi-
ble trends and solar activity variations of the MLT wind field although longer time
series would be preferable for a reliable separation of solar activity influence and
trend. The seasonal variation of the zonal mean wind for the period 1999 to 2010 is
dominated by the persistent feature of a strong westward directed jet below about
88 km and an eastward directed jet above that altitude in summer (Fig. 22.2).

The wind field is subject to strong variability in winter due to planetary waves
and associated sudden stratospheric warmings (see also Sect. 22.4). A solar activity
related wind variation is obvious for altitudes above 90 km in summer with larger
winds at high solar activity. The seasonal variation of zonal wind at 88 km is shown
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Fig. 22.2 Height-time cross section of zonal winds derived from Meteor radar measurements at
Andenes and Kiruna between August 1999 and December 2010

Fig. 22.3 (a) Seasonal variation of zonal winds at Andenes (69°N, full lines) for 2003 (enhanced
solar activity) and 2007 (low solar activity) and at Juliusruh (55°N, dashed lines) for 2000 (solar
maximum) and 2008 (solar minimum) at 88 km. Mean zonal wind from 10-day composite analyses
are depicted. (b) Variation of the solar Lyman α radiation (units: 1011 ph. cm−2 s−1) between 1999
and 2010 basing on monthly mean values

for a year of enhanced solar activity (2003) and a year of low solar activity (2008)
in Fig. 22.3a. Enhanced eastward winds are evident in summer 2003 (June, July,
August) compared to summer at low solar activity whereas no clear signatures can
be seen in winter. The solar activity varied during cycle 23 by a factor 1.7 between
solar maximum and minimum as shown by the Lyman α radiation in Fig. 22.3b.
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Fig. 22.4 (a) Height variation of the partial regression coefficients b and c (see Eq. (22.1)) be-
tween zonal wind at Andenes and solar activity (left panel) and the trend of zonal wind at Andenes
(right panel) for summer (July, August). The significance level is marked by full dots, nonsignifi-
cant coefficients are marked by crosses. (b) Dependence of detrended zonal wind values on solar
activity at altitudes between 82 km and 94 km. The significance level ≥95 % is characterized by
red full lines, nonsignificant levels by red dashed lines. In addition, the regression coefficients b
(corresponding to Fig. 22.4a) are added

Solar activity variations and trends of the MLT wind field are studied using ro-
bust regression [e.g. Holland and Welsch, 1977; MATLAB, 2011]. The robust fitting
method is less sensitive than ordinary least squares to large changes in small parts
of the data. The influence of the solar activity on the wind field and trends in the
wind field are analyzed using the following twofold regression equation

u = a + b × Lyα + c × year. (22.1)

Regression analyses have been done separately for the zonal and meridional
mean winds as well as for the tidal components at heights between 82 km and
98 km on the basis of seasonal median values. Summer median values are estimated
from the results of harmonic analyses of 4-day composites shifted by one day cov-
ering July and August in total of 62 days. The most significant partial regression
coefficients have been obtained for the zonal mean wind and summer conditions.
The solar activity variation and a possible trend will be discussed in the follow-
ing. Significantly increasing eastward directed winds are found between 88 km and
94 km with positive wind changes in the order of 4 to 5 m/s per Lyman α flux unit
(Fig. 22.4a).

This value is in good agreement with the wind variations of about 5 to 10 m/s pre-
sented in Fig. 22.3a for summer 2003/2007 if we consider the corresponding solar
activity variation by a factor of 1.3. The wind changes as a function of Lyman α flux
are presented in Fig. 22.4b. A significant but small negative trend in zonal wind has
been found only at 82 km with values around −1 m/s per year. This value agrees
well with the results obtained at mid-latitudes from MF radar wind measurements
at 3.18 MHz [Fig. 14 in Keuer et al., 2007]. Increasing eastward directed winds
with increasing solar activity are found at high latitudes between 88 km and 94 km
in comparison with decreasing eastward directed winds at mid-latitudes at 90 km
and below [Fig. 7 in Keuer et al., 2007]. This difference is possibly related to the
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Fig. 22.5 Mean seasonal variations of GW kinetic energy derived from wind variances periods
3–9 hours from MF and meteor radar observations at Andenes (69°N) and Juliusruh (55°N) during
2008. Adopted in a modified form from Hoffmann et al. [2010]

different measurement techniques, as MF radars estimate smaller wind magnitudes
above about 86 km–90 km compared to other techniques. Similar results are known
from other investigations [for details see also Hocking and Thayaparan, 1997; Man-
son et al., 2004; Jacobi et al., 2009; Engler et al., 2008]. Meteor radar observations
at Juliusruh during solar maximum (2000) and solar minimum (2008) showed a
smaller increase of zonal winds with solar activity compared to the high-latitudes
but the magnitudes at mid-latitudes are greater by a factor of about two (Fig. 22.3a).
Nonsignificant solar activity variations and trends were found in the MF radar winds
at 1.98 MHz at Andenes which are possibly related to the general weaker winds at
high-latitudes and additionally influenced by the reduced MF radar winds above
84 km compared to other methods.

22.3.2 Annual and Latitudinal Variations of Gravity Waves

Continuous observations of mesospheric MF and Meteor radar winds allow the in-
vestigation of GW, first shown by Manson and Meek [1986]. In the following we
use the kinetic energy derived by the sum of zonal and meridional wind variances
divided by two as a measure of the GW activity. First, mean winds and tidal vari-
ations averaged over 7 days are removed from the hourly wind values to reduce
the effects of background winds and tidal amplitudes on the GW activity. Then the
variances for defined period bands are derived by wavelet transforms applying the
Morlet mother wavelet of the 6-th order [for details see Torrence and Compo, 1998;
Serafimovich et al., 2005]. A detailed description of the method applied to the data
of one particular year is given in Hoffmann et al. [2010]. As an example, Fig. 22.5
shows the seasonal variation of the GW activity during 2008, as evaluated using the
combined MF and meteor radar winds at Andenes and Juliusruh.

At both latitudes, the observations show a semi-annual variation with strongest
GW energy during winter and a secondary maximum during summer. Minima of the
GW activity appeared during the equinoxes at altitudes of about 90 km [Hoffmann et
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al., 2010]. This semi-annual variation has been also found by the simulated annual
cycle using the GW resolving version of the mechanistic general circulation model
KMCM [for details of the model see Becker, 2009], and can be explained with the
selective filtering of westward and eastward GWs by the mean zonal wind in the
stratosphere and lower mesosphere following arguments of Lindzen [1981]. The
latitudinal dependence during summer [for more details see Hoffmann et al., 2010,
and Fig. 13 therein] is characterized by stronger GW energy below about 85 km at
middle latitudes compared to at polar latitudes, and a corresponding upward shift
of the wind reversal towards the pole. This is also reflected by the simulated GW
drag. A possible explanation is the reduced westward flow in the polar summer
stratosphere and lower mesosphere relative to middle latitudes, which results in a
reduced filtering of westward propagating GWs and a stronger damping of eastward
propagating waves.

22.3.3 Trends of Gravity Wave Activity

The seasonal variation of the GW activity as investigated in detail in [Hoffmann
et al. [2010] is based on radar data from one particular year and simulations with
the KMCM. However, using all data derived from observations with the MF radar in
Juliusruh from 1990–2010, the averaged annual cycle of GW activity [see Hoffmann
et al., 2011, and Fig. 1b therein] confirms the semiannual variation with minima dur-
ing the equinoxes, maxima during winter and slightly weaker during July/August.
As mentioned above, the variability of the GW activity is generally assumed to be
determined by the filtering due to the background winds in the stratosphere and
lower mesosphere. Therefore, in Hoffmann et al. [2011] we investigated the follow-
ing hypothesis: If there are trends in the background winds as e.g. shown by Keuer
et al. [2007] using the Juliusruh-MF radar winds from 1990–2005, then these trends
are considered to be responsible for long-term variations of gravity waves due to the
filtering effect.

At first, we extended the trend analysis to the years 1990–2010. We found, as
shown in Fig. 22.6a, stable negative trends of the zonal winds during summer, i.e.,
an enhancement of the westward directed summer jet, which dominates the seasonal
variation during all years (see also Fig. 22.1). Using monthly mean values for July
we found that the observed zonal wind trend at about 75 km goes along with an
enhanced activity of GW with periods between 3–6 hours at altitudes above 80 km
(Fig. 22.6b).

Indeed, also the year-to-year variation of maxima of the observed westward di-
rected winds at altitudes near 75 km and the GW activity at about 80 km are signif-
icantly correlated (Fig. 22.6c) thus stimulating the further study of long-term wind
changes and corresponding GW trends.
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Fig. 22.6 (a) Mean height-time cross section of the trend in the zonal wind at Juliusruh from
1990–2010. (b) Trend of kinetic energy of GW (3–6 h) at Juliusruh at 80, 84 and 88 km for July.
(c) Variation of GW—activity (kinetic energy, red line) at 80 km and westward directed jet strength
(∼75 km, blue line) during July at 55°N from 1998–2010 (no data during July 2000). Modified
version of Figs. 2, 4, and 5 in Hoffmann et al. [2011]

22.4 Vertical Coupling During Sudden Stratospheric Warmings

22.4.1 Sudden Stratospheric Warmings in Winters 2006 and 2009

Continuous MF and meteor radar observations have been used for detailed studies
of winds and temperatures in the upper mesosphere and lower thermosphere to un-
derstand the strong variability in winter 2006/07 due to enhanced planetary wave ac-
tivity and related stratospheric warming events [Hoffmann et al., 2007]. Such events
are considered as an exceptionally striking vertical coupling process between lower,
middle and upper atmosphere. It has been shown, that the strength of the observed
zonal wind reversal in the mesosphere during SSW is decreasing with latitude. There
are only weak longitudinal variations of zonal winds and temperatures at mesopause
heights during major warmings but stronger longitudinal variations of meridional
winds, as confirmed by comparisons to similar observations at Resolute Bay (75°N,
95°W) and Poker Flat (65°N, 147°W). The results during winter 1998/1999 and
2006/07 indicate the occurrence of a planetary wave 1 structure in the mesosphere.
The short term reversals of the mesospheric winds during SSWs are followed by
periods of intensified westerly winds connected with enhanced turbulent energy dis-
sipation rates below 85 km, as estimated with the narrow beam Saura MF radar, and
an increase of the gravity wave activity in the altitude range 70–85 km [more de-
tails about the winter 2006/2007 are given by Hoffmann et al., 2007]. The seasonal
variation of the gravity wave activity derived from the horizontal wind variability
for periods between 3–9 hours and the turbulent energy dissipation rates in 2006 are
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Fig. 22.7 Seasonal variation of horizontal wind variability for periods 3–9 hours (left panel) and
seasonal variation of turbulent kinetic energy dissipation rate (right panel) over Andenes in 2006

shown in Fig. 22.7. Enhanced turbulent energy dissipation rates in February and in
December go along with enhanced GW activity indicating that enhanced turbulence
at that time is related to GW dissipation. In addition, the seasonal evolution and
turbulence strength observed by the Saura MF radar is in general agreement with
in situ measurements at Andenes [Lübken, 1997]. In February, the enhanced gravity
wave activity and the intensified westerly winds are associated also with a period of
reduced planetary wave 1 activity in the stratosphere [Hoffmann et al., 2007].

22.4.2 Major Stratospheric Warming 2009—Downwelling of NO

The major stratospheric warming in January 2009 is accompanied by a jump of
the stratopause and its reformation at about 80 km in the first days of February as
shown in (Fig. 22.8) by zonal averaged temperatures (0°E–30°E) over Andenes from
the Microwave Limb Sounder (MLS) instrument on the NASA-EOS Aura satellite
[Livesey et al., 2007].

The stratopause returns to its normal level over a period of about six weeks. The
observed cooling of the lower mesosphere is associated with forced propagation of
eastward gravity waves during the enhanced zonal wind after wind reversal (see also
Fig. 22.10). The major stratospheric warmings in winters 2004 and 2006 showed a
similar behavior comparable to the descent of the stratopause in February 2009.
Also von Zahn et al. [1998] observed a descent of an elevated stratopause by about
30 km in January/February 1998 with lidar observations at Andenes.

The descent of the stratopause to its normal level brings down minor constituents
in the winter middle atmosphere which are present in the upper mesosphere/lower
thermosphere. One important trace species of the lower thermosphere is nitric oxide
NO which has a long life time in absence of sun light during the polar night. NO
will be immediately ionized by solar UV at solar zenith distances less than about
98° under production of free electrons. The downwelling of nitric oxide has been
studied using electron density as proxy measured with the Saura MF radar [Singer
et al., 2011] as local ionization of nitric oxide by precipitating energetic particles
should not happen under solar minimum conditions. Time series of electron density
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Fig. 22.8 MLS temperatures over Andenes (69°N, 16°E) around the major stratospheric warming
in January 2009, a zonal average for the longitudes between 0°E and 30°E is shown. The strato-
spheric warming is accompanied by a jump of the stratopause and its reformation at about 80 km

Fig. 22.9 Height-time cross-section of electron densities over Andenes at constant solar zenith
angles (sza) 86° and 104° in February/March 2009 during the reformation phase of the stratopause
after the stratospheric warming. The electron densities under sunlit conditions (sza = 86°) are de-
scending with a rate of about 300 m/day whereas nearly constant electron densities are observed
during night (sza = 104°) as indicated by dashed lines. The crosses mark geomagnetically dis-
turbed periods with possibly direct production of NOX by energetic particles (for details see text)

at constant solar zenith angles of 86° (sunlit conditions) and 104° (absence of sun
light) were analyzed over periods of three days and six days, respectively due to the
high background noise during polar night. Hight-time cross-sections of the observed
electron densities for the period February 6 to March 17 are depicted in Fig. 22.9.

Under sunlit conditions (right panel) a descent of the electron peak density was
found with a mean descent rate of about 300 m/day. During polar night a more or
less constant height of peak electron density was estimated (Fig. 22.9, left panel). In
both cases excursions are observed which are marked by crosses which are possibly
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Fig. 22.10 Mesospheric
electron density at 73 km
during local noon, global
geomagnetic activity Ap and
3-hourly K-index from
Tromsø, mean zonal wind at
85 km prior, during, and after
the stratospheric warming
event, mesopause
temperatures from MLS
measurements and meteor
decay times, and peak height
of the meteor layer for the
period January to March
2009. The red circles indicate
minor geomagnetic storms

related to the direct ionization of nitric oxide by precipitating energetic particles
from aurora or from the radiation belts. The variation of the global geomagnetic
index Ap (Fig. 22.10) and the variation of the 3-hourly K index with values equal
or greater five indicates the occurrence of minor geomagnetic storms on February
4 and 14/15 and on March 4 and 13/14 in agreement with the observed electron
density excursions.

The descent rate of day-time electron density of ∼300 m/day is not so differ-
ent from the NOX descent rate of about 700 m/day obtained by Salmi et al. [2011]
from a chemistry transport model (3-D FinRose) in connection with ACE-FTS (At-
mospheric Chemistry Experiment Fourier Transform Spectrometer) observations in
February/March 2009. WACCM simulations by Smith et al. [2011] showed that the
wave driven mean circulation is the dominating transport process bring down trace
species in the winter middle atmosphere. The downwelling phase in February is
accompanied with a cooling and shrinking of the middle atmosphere which is also
reflected by a lowering of the peak height of the meteor layer during that time as the
meteoroids descending on the upper atmosphere with the same entry velocities burn
up at the same pressure level (lowest panel of Fig. 22.10). In addition, the neutral
temperatures derived from meteor decay times at the peak height of the meteor layer
agree well with the temperatures from MLS measurements at 86 km in magnitude
and temporal evolution.

22.5 Mesospheric Response on Solar Activity Storms

During solar proton events (SPE) large fluxes of energetic protons impacted the
mesosphere and stratosphere causing ionization, dissociation, and excitation. Dras-
tic changes of the ionospheric plasma with excessive ionization enhancements down
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Fig. 22.11 Solar proton events in October/November 2003: solar proton fluxes with energies
40–80 MeV from GOES 10 observations and variation of the peak height of the meteor layer, geo-
magnetic activity expressed by the 3-hourly K-index from Tromso indicating severe geomagnetic
storms (K = 9) after October 28, and ionospheric radio wave absorption of the imaging riometer
at Kilpisjärvi (beam 25 sampled the ionosphere over Andenes)

to altitudes of 60 km are well known against it measurements of dynamical and
structural changes during these perturbations are rare. The MF radar and meteor
radar observations at Andenes (69°N) and Juliusruh (55°N) have been used to study
the influence of the strongest four SPEs on the MLT dynamics occurring during the
last decade. These SPE events appeared in July 2000 (24000 pfu), October 2003
(29500 pfu), January 2005 (5040 pfu), and December 2006 (1980 pfu), the val-
ues in brackets characterize the strength of the event through the proton flux with
energies greater than 10 MeV: 1 pfu = 1 protons/cm2 s−1 sr. Special emphasis is
given to the observations during the strongest SPE in October 2003 as Jackman et
al. [2007] used the Thermosphere Ionosphere Mesosphere Electrodynamic General
Circulation Model (TIME-GCM) to study the mesospheric changes induced by the
October 2003 event.

The interactions of protons with air molecules and trace species resulted in the
production of odd hydrogen and odd nitrogen. The enhancements of these con-
stituents lead to a destruction of ozone via catalytic cycles resulting in a cooling
of the lower mesosphere below about 80 km due to reduced ozone heating. A weak
temperature increase was found above 80 km peaking around 95 km. The Joule heat-
ing rates were much less than the solar/chemical heating rates. Temperature changes
up to ±2.6 K and wind changes up to 20–25 % were obtained whereas the largest
response was located in the sunlit southern hemisphere.

MF and meteor radar winds cover the height range between 70 and 94 km dur-
ing the October 2003 SPE on the northern winter hemisphere. The proton event
started on October 28 and reached its maximum on October 29, the geomagnetic
field over northern Scandinavia was severely disturbed from October 29 onward
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Fig. 22.12 MF/meteor radar observations during the SPEs in October/November 2003: (a) mean
meridional winds, (b) mean zonal winds, (c) variances of horizontal wind disturbances for periods
3–9 hours

causing additional ionization due to precipitation energetic particles from the radia-
tion belts indicated by the excessive riometer absorption over Andenes (Fig. 22.11).
In addition, the peak altitude of the meteor layer was decreasing during the SPE by
up to about 1 km indicating a cooling and shrinking of the lower mesosphere below.
At the maximum of the event on October 29 (day 302) and a few days later a re-
versal of the meridional winds from equatorwards to polewards was observed above
82 km and the opposite situation below that altitude. At same time the zonal winds
are increasing above about 80 km and below 78 km (Fig. 22.12).

The increase of eastward directed winds is associated with enhanced GW activity
at these altitudes and above as eastward propagating GWs can dissipate at lower
altitudes (Fig. 22.12c).

An increase of the eastward directed zonal mean winds has been observed above
85 km for all SPEs studied here (Fig. 22.13). Below 85 km a positive zonal wind
response was found only in winter whereas no significant differences (less than
2–5 m/s) between undisturbed and disturbed wind fields appeared in summer and
autumn. Becker and von Savigny [2010] studied the mesospheric response on an
SPE during summer using a mechanistic general circulation model. They found
that the temporary ozone reduction during an SPE results in an positive zonal wind
response between 70 km and about 95 km in the order of 2–8 m/s what is in general
agreement with our observations during the July 2000 event.
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Fig. 22.13 Zonal mean winds (m/s) before the solar proton events (blue lines) and at the maximum
phase (red lines) of the events in July 2000, October 2003, January 2005, and December 2006.
Meteor radar observations at Andenes/Kiruna (full lines) and Juliusruh (dashed-dotted lines) as
well as MF radar (dashed lines) observations are depicted (the figures indicate the corresponding
days, note the different scales for summer and winter)

22.6 Summary

Long-term wind measurements by MF and meteor radars at high and middle lati-
tudes from 1990 to 2011 provide reliable data to study trends and apparent solar ac-
tivity related variations of the wind field between about 70 km and 95 km during the
measurement period. Significant trends with time and with solar activity are found
for the zonal wind preferred in summer. At mid-latitudes a negative zonal wind re-
sponse (decreasing strength of eastward winds) with time was found below about
82 km from MF radar observations whereas at high latitudes a negative zonal wind
response was determined in a height of 82 km from meteor radar observations in the
same order of about −1 m/s per year. A significant variation with solar activity was
observed at high latitudes in summer (July and August of the years 2000 to 2011)
at altitudes above 85 km with a positive zonal wind response (increasing strength of
eastward winds) in the order of 4 to 5 m/s per Lyman α flux unit. That is a first indi-
cation of an apparent solar activity induced wind variation but longer time series are
required to verify the finding. Keuer et al. [2007] obtained from MF radar measure-
ments at mid-latitudes for summer (April to September, 1990 to 2005) a negative
zonal wind response in the order of about 5 m/s per Lyman α flux unit for altitudes
below 90 km. In addition, a general positive zonal wind response was found dur-
ing the strongest solar proton events occurred between 2000 and 2006 for altitudes
above 85 km. No significant changes between disturbed and undisturbed conditions
have been seen below 85 km. The strong response of the upper mesosphere on se-
vere solar activity storms during all seasons indicates that also high levels of solar
UV radiation can possibly induce changes of the wind field above 85 km as found at
high latitudes for the period 2000 to 2011. A possible mechanism effecting the wind
field at altitudes below 85 km can be related to the influence of the global warm-
ing effect on the mesospheric circulation. Changes of the zonal wind field obtained
with the Hamburg Model of the Neutral and Ionized Atmosphere (HAMMONIA)
for doubling the CO2 content show qualitatively the same behavior of a decreasing
strength of eastward winds below 83 km in summer and increasing eastward winds
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above 83 km [Schmidt et al., 2006]. The analysis of 12 years of observations pro-
vides some evidence of possible trends and solar activity related variations of the
mesospheric wind field but at least 10 years more observations are needed to verify
the result.

The wind measurements have been used to study the seasonal and inter-annual
variations of GW at high and middle northern latitudes. The annual cycle of the
GW activity is characterized by a semi-annual variation with a stronger maximum
in winter and a weaker in summer consistent with the selective filtering of westward
and eastward propagating GWs by the mean zonal wind. Long-term changes of
the background winds influence the activity of upward propagating GWs at mid-
latitudes. The most significant long-term trend of zonal wind at about 75 km during
July goes along with an enhanced activity of GWs with periods of 3 to 6 hours at
altitudes between 80 km and 88 km. The direct relation between the maxima of the
westward directed winds at altitudes near 75 km and the enhanced GW activity at
about 80 km shows a significant anticorrelation and stimulates further studies of
long-term wind changes and corresponding GW trends.

The mesospheric response on major sudden stratospheric warmings and on solar
proton events looks quite similar. After SSWs and SPEs in winter a general increase
of the eastward directed winds associated with mesospheric coolings and an increase
of turbulence are observed but the reasons are different. Gravity waves play an im-
portant role in the coupling during SSWs as the mesospheric coolings associated
with SSWs are intensified by improved propagation of eastward directed gravity
waves due to enlarged eastward background winds. The mesospheric coolings and
related wind changes after SPEs result from reduced ozone heating due to ozone
destruction by energetic protons.
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